An essential step in the life cycle of a retrovirus is the integration of a DNA copy of the viral genome into a host cell chromosome. We have analyzed the structure of the initial covalent product of an in vitro retroviral integration reaction and determined the structure of the ends of the unintegrated linear viral DNA molecules present in vivo in cells infected with murine leukemia virus (MLV). Our results lead to the following conclusions: (i) Circularization of viral DNA plays no role in integration. The direct precursor to the integrated MLV provirus is a linear molecule. (ii) The initial step in the integration reaction is probably a cleavage that removes the terminal 2 bases from each 3' end ofthe viral DNA. This cleavage depends on a virally encoded protein, IN, that has previously been shown genetically to be required for integration. (iii) The resulting viral 3' ends are joined to target DNA to form the initial recombination intermediate.
Retroviruses are ubiquitous pathogens. Consequences of retroviral infection in humans include AIDS, leukemia, lymphoma, and degenerative diseases of the central nervous system. To multiply, a retrovirus must synthesize a DNA copy of its RNA genome and integrate the viral DNA into a chromosome of the infected host cell. The integrated viral genome, or provirus, is thereafter transmitted as a stable element of the host genome. The provirus provides the sequences required in cis for its own expression and the template for the next generation of viral RNA (1) .
Soon after a retrovirus enters the cytoplasm of its host cell, the viral reverse transcriptase synthesizes a terminally redundant double-stranded linear DNA copy of the viral genome. The terminal redundancies are called long terminal repeats (LTRs). These linear DNA molecules enter the nucleus, where some are circularized by covalently joining their ends to produce molecules called 2-LTR circles. The sequence created at the site of this ligation is called the circle junction. Both the linear molecule and the 2-LTR circle are reasonable candidates for the ultimate precursor to the integrated provirus. Which of these topological forms is actually used for integration?
In one experiment, the circle junction sequence of spleen necrosis virus (SNV), when inserted at an internal site in the SNV genome, appeared able to serve as a viral attachment site for integration (2) . This result pointed to the 2-LTR circle as the ultimate precursor in SNV integration. However, results of an analogous experiment with murine leukemia virus (MLV) do not support the 2-LTR circle as the proximal precursor in MLV integration (L. Lobel, J. Murphy, and S. Goff, personal communication).
We have investigated the mechanism of retroviral integration by using an in vitro system that faithfully reproduces the in vivo integration reaction (3) . In vitro, the linear form of unintegrated viral DNA can serve as a precursor to the integrated MLV provirus (3) . It does not follow that the immediate precursor is linear, since the linear molecule could, in principle, be covalently circularized in vitro prior to integration.
Our results in vitro led us to reinvestigate the possibility that the direct precursors to integrated proviruses might be linear molecules. In this report, we use a detailed analysis of the structure of the viral DNA ends in the unintegrated precursor and the initial covalent integration product to show that the immediate precursor to the integrated provirus is a linear molecule. We can also deduce from our data the polarity of the initial bonds between viral and target DNA, the probable source of the energy for formation ofthese initial bonds, and a specific role for the viral IN protein in preparing the viral DNA ends for integration. A similar analysis of a MLV integration intermediate has recently been reported (4).
MATERIALS AND METHODS
General Methods. General methods were as described (5) . Strand-specific probes were prepared as described (6) . Electroblotting onto nylon membranes, crosslinking, and hybridizations were as described (7) .
Defining the Ends of Unintegrated Linear MLV DNA. Sixteen hours after infection, MLVsupF (8) DNA was isolated from the cytoplasm of infected cells (3), and full-length linear [-9.2 kilobases (kb)] molecules were purified by agarose gel electrophoresis. This DNA was digested with Pvu II or Sac I (New England Biolabs), denatured, and electrophoresed through a 6% polyacrylamide/7 M urea gel. Sequencing ladders were prepared using as templates singlestranded M13mpl8 phage DNA containing a cloned copy of either the plus or minus strand of the MLVsupF LTR (8), or the Xba I/Xba I circle junction fragment from p8.8 (9) , cloned in pSP64. The primers matched the known ( Fig. 1 C and D) or predicted ( Fig. 1 A and B ) 5' ends of the DNA fragments being measured. The primers were as follows: (A) pAAT-GAAAGACCCCCGCTGAC; (B) pAATGAAAGACCC-CACCTGTA; (C) pCAATAAAAGAGCCCAC; (D) pCTG-TTCCATCTGTTCCTGA. After electrophoresis, the resolved DNA fragments were electroblotted to nylon filters (NEN Genescreen) and detected by hybridization using strand-specific probes for the MLVsupF LTR.
Preparation of Unintegrated DNA from the SF2 Mutant Virus. A molecular clone of Moloney MLV DNA, containing the SF2 mutation (10), but otherwise identical to wild-type [clone 1 (11) ] MLV was transfected into NIH 3T3 mouse fibroblasts. Supernatant virus was used to infect fresh NIH Proc. Natl. Acad Fig. 2 . The left and right ends of the viral DNA molecule are essentially identical. At each end, the 5'-terminal base corresponds to the first nucleotide (deoxyadenosine) that is joined to the RNA primer at the start of plus or minus strand DNA synthesis (1). The 3' termini are heterogeneous, with the most abundant population (generally >90% of the total) terminating 2 bases short of the 5' end, as illustrated in Fig. 2 , thus matching the boundaries of the integrated provirus. The recessed 3' ends could be filled in completely by avian myeloblastosis virus reverse transcriptase in the presence of dTTP (Fig. lDb) , establishing that the ends have unblocked 3'-OH groups and confirming that the missing bases are both thymidines. The remainder of the 3' ends terminate flush with, or 1 base short of, the corresponding 5' ends. The 2-base-recessed structure, henceforth called structure 1, is particularly intriguing since it matches a predicted intermediate in the integration reaction, as discussed below.
The IN Protein Is Required for Formation of a Recessed 3' End. Viruses with mutations in the 3' portion of the pol gene can carry out the early steps of the viral life cycle, from transcription of the provirus through DNA synthesis and nuclear entry, but their integration is markedly impaired, and replication is blocked (9, 10, 12) . The protein encoded by this domain is called IN. To define the function of IN more precisely, we investigated the effect of the SF2 mutation, a frameshift mutation in the IN coding region of MLV (10), on the structure of the ends of linear viral DNA molecules (Fig.  3) . As also shown in Fig. 1 , the 3' ends of most wild-type MLV DNA molecules were recessed by 2 bases from the 5' end (Fig. 3, lane 2) . In contrast, the 3' ends of almost all unintegrated SF2 DNA molecules were flush with the 5' ends, and the band corresponding to a 2-base recess was undetectable (lane 3). Thus, the IN protein is required for formation of the recessed 3' end.
What is the role of the IN protein in generating the recessed 3' end? One possibility is that it directs termination of DNA synthesis at a point 2 bases short of the end of the template. Alternatively, DNA synthesis could continue unimpeded to the end of the template, producing a flush-ended molecule from which the 3'-terminal dinucleotide is subsequently removed in a reaction that depends on IN. We favor the latter hypothesis for two reasons. First, 3' ends recessed by 2 bases are more frequent in purified full-length linear molecules than in an unfractionated population of viral DNA molecules from an infected cell cytoplasm (Fig. 3, lanes 1 and 2) . Although the structures of the other DNA molecules in the unfractionated population are not known in detail, they are presumed to be intermediates in viral DNA synthesis. The fact that, compared to its precursors, the ultimate product of viral DNA synthesis is enriched for the 2-base-recessed 3' end implies that the recessed end is the result of a late processing event. Second, enzymological analyses of the IN protein from avian retroviruses (ASLV) point to the possibility of a role for this protein in preparing the viral 3' end for integration (1, 13, 14) . The ASLV IN protein has an endonuclease activity that yields products terminated by a 5'-P and 3'-OH. The ends of linear ASLV DNA have not been investigated as substrates for this endonuclease activity, but under some conditions model substrates containing the ASLV circle junction are cleaved preferentially to expose the precise 3'-OH group expected to be joined to target DNA. Taken together, these data and our results are most consistent with a model in which the 2-base recess results from cleavage of the 3' end of the viral DNA molecule by the IN protein.
Deducing the Topology of the Viral DNA Precursor and Polarity of the Initial Linkage. Based on existing knowledge of the structure of the integrated provirus, the DNA target, and the putative viral DNA precursors, one can outline a plausible reaction pathway invoking either the linear viral DNA molecule or the 2-LTR circular form as the proximal precursor to the integrated provirus (Fig. 4) (3, 9) . In pathway A, the proximal precursor is the 2-LTR circle (1A) resulting intermediate (2A or 2B) , the provirus is flanked by short gaps that are the precursors to the flanking repeats in the final product. DNA synthesis primed by the 3'-OH on the target side of the gap can initiate repair to yield the mature integrated provirus. DNA breakage and joining with the opposite polarity, joining an overhanging 3' end at the target site to a recessed 5' end produced by cleavage of the viral DNA, is also mechanistically plausible.
In the gapped initial product of the integration reaction, the expected structure of the free viral DNA end differs depending on whether the ultimate precursor is linear or a 2-LTR circle (Fig. 4, 2A and 2B) . In pathway A, this free end is longer by 2 bases than its counterpart in the linear precursor. These 2 extra bases are covalently joined to the end in the circularization step and left attached when the viral DNA is cleaved 2 bases to one side of the circle junction. In pathway B, the free viral DNA end in the gapped intermediate is identical to the corresponding end of the linear precursor, having never been covalently modified. The strict dependence of the structure of this intermediate on the topology of its precursor allows us to deduce the topology of the precursor by comparing the free viral DNA ends in the gapped intermediate with their counterparts in the unintegrated linear molecule.
Our previous work used a genetic assay to detect the products of retroviral integration in vitro (3). This assay was highly sensitive and allowed us to determine the sequences at the junctions between viral and target DNA in the cloned products of the integration reaction. However, it did not allow us to examine intermediates in the reaction. We have therefore developed physical methods that enable us to detect and characterize these intermediates.
In one such assay, we used gel electrophoresis to separate the products of the integration reaction from unintegrated viral DNA molecules (Fig. 5) . In the experiment shown in Fig. 5 , the target for integration was OX RFI DNA. By carrying out the integration reaction in the absence of nucleotides, using nuclease-free preparations of integration- competent viral nucleoprotein complexes prepared by gelexclusion chromatography (3), we can recover intact the initial covalent product of the integration reaction (Fig. 4 structure 2A or 2B). After digestion of the reaction products with Pvu II, a recombinant fragment containing the junctions between MLV and target DNA is resolved from the internal MLV fragments, and more importantly from the unintegrated MLV ends, by agarose gel electrophoresis (Fig. 5, Lane 1) . This recombinant fragment was purified by agarose gel electrophoresis, denatured, and electrophoresed through a denaturing polyacrylamide gel. Unintegrated MLVsupF DNA, similarly digested with Pvu II and denatured, was electrophoresed in an adjacent lane to allow direct comparison of the lengths of the terminal Pvu II fragments from the integrated and unintegrated viral DNA molecules. The resolved fragments were transferred to a nylon filter and detected by hybridization with radioactive probes (Fig. 6) (7) . By probing successively with probes specific for the plus and minus strands of viral DNA, we could also determine the polarity of the linkage. is demonstrated by hybridization with strand-specific probes. (17) . The viral 3' ends that are joined to target DNA in the initial covalent joining reaction determine the boundaries of the integrated provirus. Accordingly, to account for both the observed structure of the gapped intermediate and the structure of the integrated provirus by any model, the viral 3' end that is joined to the target DNA needs to be recessed by 2 bases from the 5' end. Thus, we surmise that structure 1, a linear molecule with 3' ends that are recessed by 2 bases from the 5' ends, is the viral DNA precursor that participates directly in the joining reaction. Since most viral DNA molecules have this structure even before they enter the nucleus, cleavage of the viral 3' end must not generally be coupled to the joining reaction. Thus, it is likely that the joining reaction is energetically coupled to cleavage of the target DNA rather than viral DNA. Ifthe exigencies of energy conservation therefore cannot explain a requirement for cleavage of the viral 3' ends, why is a recessed 3' end used for integration rather than a flush 3' end? Perhaps the 5' extension that distinguishes the two structures is important for an effective interaction with the integration machinery.
On the basis of this work, we propose that retroviral integration involves the following sequence of events: (i) Viral DNA synthesis produces a blunt-ended linear molecule.
(ii) The IN protein cuts the 3' end of each viral DNA strand, removing 2 bases and exposing the 3'-OH group that is to be joined to the target DNA. The result is structure 1 (Fig. 2) . This activity is sufficient to explain why IN is required for integration, although IN might also play an essential role in later steps. (iii) The target DNA is cut with a 4-base-pair stagger. This cleavage is energetically coupled to joining of the viral 3'-OH ends to the target 5'-P ends, resulting in a gapped intermediate (Fig. 4, structure 2B 
